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Abstract: Friction and plastic deformation at the tool–chips interaction during a dry drilling process
results in temperature rise and promotes tool wear and surface roughness. In most of the components
produced in industries, a drilling process is used to make a hole for final assembly. Therefore, knowl-
edge of temperatures produced during drilling operation at various machining input parameters
is required for the best quality product. A fuzzy logic-based algorithm is developed to predict the
temperature generated in the drilling process of AISI 1018 mild steel. The algorithm used speed and
feed rate of the drill bit as input parameters to the fuzzy domain. A set of rules was used in the
fuzzy domain to predict maximum temperature produced in the drilling process. The developed
algorithm is simulated for various input speed and feed rate parameters and was verified through
the maximum temperature measured during drilling of the studied material at selected speed–feed
combinations. Experiments were conducted to validate the results of developed fuzzy logic-based
algorithm by using non-contact infrared pyrometer for drilling of AISI 1018 steel. A good agreement
between the predicted and experimentally measured maximum temperature was observed with an
error less than 6%. It is found that temperature increases with increase in cutting speed and feed rate.
Size of roll back burr formation at the hole perimeter significantly increases with increase in drill
speed and feed rate. Segmental continuity in spiral or helix chips morphology is more at low feed
and high cutting speed. Chip radius increases with increase in feed rate and results in damaging of
the machined surface and causes burr formation while the radius decreases with cutting speed along
with improved hole surface finish.

Keywords: fuzzy logic algorithm; machining; temperature; drilling; infrared pyrometer; fuzzy infer-
ence system

1. Introduction

AISI 1018 steel belongs to the steel class of material kingdom and has a properties
profile compatible with most of the engineering applications. Due to excellent metallur-
gical and mechanical properties, this alloy is extensively used in making gears, shafts,
spindles, pins, rods, sprocket chains, and other machine tools and components. It has good
machinability, weldability, and mechanical properties [1].
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Drilling is one of the principal machining processes and is used to create holes. In the
aerospace and automobile sectors, conventional drilling is economically viable to create
holes in mechanical parts/geometries [2]. Surface finish and tolerance are the valued
characteristics of the drilled hole. Air vehicles and fast-moving objects are subjected to
constant vibration and shock loads where fastener holes are prone to stress concentration
and fatigue loads [3]. Fatigue load compromises reliability of aircraft and other vehicles.
Region of fastener holes give rise to stress concentration and eventually leads to fatigue
cracks and causes structure failures. Fatigue and stress concentration factor are the function
of drilled hole quality [4]. In the product development process, the activity of drilling holes
in the part occurs in the final stages where poor hole finish may result in part/product
rejection. The part rejection is costly and can be minimized if the required tool and optimal
process parameters for drilling are selected [5]. During drilling operations, high friction
at the tool-chips interface degrades surface finish and leads to heat generation, tool wear,
and increase in cutting forces.

Fuzzy logic is one of the artificial intelligence techniques which is based on mathemat-
ical modeling and equations to map and simulate engineering problems [6]. This method
has powerful and intelligent reasoning capabilities with less bounding rules and multi-
valued logic [7]. Literature reveals the use of fuzzy logic modeling to validate the machining
performance and behavior. Aamir et al. used fuzzy logic approach to predict hole size and
surface roughness in multi-hole drilling [8]. Ramesh et al. used fuzzy inference system to
predict and validate the machining performance of titanium alloy, i.e., surface roughness,
cutting pressure, and tool wear [9]. Fuzzy logic data selection for drilling process of AISI
steel is developed by Hashmi et al. [10]. Jitesh et al. [11] developed an adaptive neuro fuzzy
inference system (ANFIS) model for the prediction of tool-conditions based on hole quality
during micro-drilling. Other research studies reported the applications of fuzzy inference
system (FIS) to predict thrust forces, cutting pressures, torque, surface roughness, tool wear,
tool life, hole size, and delamination [12–15]. In this study, maximum drilling-induced
temperature during the drilling process at varying drilling conditions is predicted using
FIS while considering cutting speed and feed rate as input parameters to the fuzzy domain.

Most of cutting energy in drilling is utilized to separate material from a workpiece
in the form of chips and overcome friction losses. In conventional dry drilling operation,
heat is generated due to plastic deformation of the workpiece materials and friction losses
between the tool–workpiece interaction zone. The process zone temperature is a function of
various parameters; however, the most dominant parameters are workpiece/tool materials,
tool geometry, and the cutting conditions. The high process zone temperature, in addition
to high cutting forces, accelerates the tool wear and degrades the hole quality [16,17].
International community is interested in more sustainable and greener manufacturing
methods for future generation and dry cutting is gaining popularity on standard flooding
machining due to low cost and reducing environmental effects. The main advantage of
dry drilling is to get rid of the additional cost associated with the disposal of coolant
used in machining operations. On the other hand, the high temperature produced at the
process zone accelerates the tool wear in dry machining as compared to coolant-based
machining operations [18]. Traditionally, tool wear is reduced with proper emulsion,
coating, and other coolant which results in lowering temperature under varying drilling
conditions. Therefore, downtimes in production and machining setups associated with
tool failure can be minimized by having proper knowledge of heat generated in drilling
operation [19].

In drilling processes, the heat generated in the process zone is primarily contributed by
the plastic deformation of the parent material and friction between the tool and workpiece
interaction zone. The effect of tool speed and feed rate on process induced temperature
in drilling processes is studied by R. Muhammad et al. and they concluded that cutting
speed majorly contributes to heat generation [20]. Due to temperature increase at the tool–
workpiece interface during drilling, the diffusion mechanism is noticed in Al-2219 alloy in
which the aluminum start adhesion and sticking with tool edges [21,22]. Temperature rise
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during dry drilling in composite materials is experimentally studied by S. Rawat and H.
Attia and they found that rate of temperature rise increases from 5–63 ◦C/sec if feed rate
changes from 20–200 µm/rev [23]. The temperature while drilling a hole is measured using
infrared radiation pyrometer. Temperature significantly shoots near the bottom of the hole
during drilling. Masahiko et al. found that during drilling of carbon steel, temperature
increases with increasing depth and at a depth of 10 mm, the maximum temperature
rise was 340 ◦C [24]. Dewes et al. [25] recorded temperature variation at the tool–job
interface using an infrared camera and thermocouples. Likewise, infrared pyrometer is
used to find the heat transfer model for temperature distribution along the milling path
during chips’ formation. Bagci et al. [26] studied temperature profile during step wise
and continuous drilling of AISI 1040 steel while changing speed and feed rate of the drill
bit. It is found that temperature increases significantly with changing speed as compared
to feed during continuous drilling. To limit rise in temperature due to frictional heat
and tool wear due to built-up edge (BUE), the most common method is to use coolant
during drilling. Cutting fluid cost and environmental pollution promotes the development
of alternate methods, i.e., minimum quantity lubrication method, ultrasonic vibration,
etc. [27]. Minimum Quantity Lubrication (MQL) reduces the drilling force and improves
drill hole precision in AISI 1040 steel as compared to dry drilling using High Speed Steel
drill bit [28]. Another investigation also shows that drilling with MQL and coated drill bits
reduces temperature rise during tool–chips interaction [29]. Braga et al. [30] showed that
the bulk quantity of chips are stuck in the flute and cutting edges during wet drilling at
higher feed rates. Maruda et al. [31] compared MQL with dry drilling for chips geometry
and surface roughness and found that short spiral chip in MQL has less negative effect on
hole finishing.

In dry drilling, frictional forces are greater during chips’ shearing which effect the chip
thickness, size, and morphology. Built-up edge (BUE) and discontinuous chips formation
stick and adhere with tool edges and effect hole surface [32,33]. Chips with built-up edges
form during dry drilling which increase the required drilling forces for making holes [34].
Chips morph type in drilling has great impact on surface finishing. Chip morphology
variates in drilling zone at varying cutting conditions. Continuous chips and BUE are not
desirable in drilling as they fill the chute of the drill bit and scratch the machined hole. It is
more at low feed rates. It is preferable to form segmented chips instead of continuous chips
during drilling. Surface roughness is less in continuous straight chips compared to helical
coil shape [35,36]. It is observed that with increase in feed rate during drilling, surface finish
of the hole degrades significantly [37]. Workpiece ductility has great influence on burrs
formation. Higher burrs formation will occur if the material is more ductile. To reduce
burrs formation in ductile workpiece, higher rotational speeds are preferred. In addition,
increase in feed rate causes more burr formation due to the plowing action of the drill
bit [38]. Surface roughness and tool thrust decrease with increase in cutting speed during
drilling operation. Broken chips during drilling improves surface finish as compared to
continuous chips [39].

The preceding study revealed the relation of drilling process parameters with friction
induced heat, chips morphology, size, and burr formation. The literature lacks to use fuzzy
logic approach to validate drill induced temperature at the tool–chip interaction zone while
changing cutting speed and feed rate. The study aims to presents the Mamdani fuzzy
inference system for the prediction of maximum temperature rise in drilling zone at varying
cutting conditions. The results of fuzzy logic are validated and mapped with experimental
results which further demonstrates the effectiveness of fuzzy model. Cryogenic cooling
technique will be very easy to apply if temperature profile during cutting is known.
From the temperature study, thermal and viscous properties of coolant can be decided
during wet machining. Further, chips’ morphology and burrs’ formation in the drilled hole
is also studied in correspondence with varying drilling conditions.
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2. Materials and Methods
2.1. Fuzzy-Based Algorithm for Calculation of Maximum Temperature during Drilling of AISI
1018 Steel

A conceptual illustration of the developed fuzzy-based algorithm to calculate the
maximum temperature produced at various machining input parameters in drilling of AISI
1018 steel is shown in Figure 1.

Figure 1. Schematic illustration of the developed fuzzy algorithm.

The developed fuzzy inference system is designed for two input variables—speed
and feed rate—predicting the maximum temperature in the drilling process as an output
parameter. The input variables are fed to the fuzzy plane and the maximum temperature is
determined based on the defined fuzzy rules-based system. Moreover, in the developed
algorithm, the outputs calculation of the scheme is based on the centroid method and
de-fuzzification is accomplished using Mamdani implication.

2.1.1. Fuzzy Membership Functions

In the current work, a triangular membership function was used for the input (cut-
ting speed, feed rate) and output (maximum temperature) variables. The selection was
made based on the recommendation of (Pedrycz, 1994) [40]. The triangular function is
mathematically represented as in Equation (1):

T, S, FR (a, m, b) =


0 x ≤ a

x−a
m−a a < x ≤ m
b−x
b−m m < x ≤ b

0 x ≥ b

(1)

where ‘T’ represent temperature, ‘S’ and ‘FR’ are cutting speed and feed rate, respec-
tively. a, m, and b represent the triangular membership function and details can be found
elsewhere [8].

2.1.2. Fuzzy Sets

The two input variables—cutting speed and feed rate—are divided into five fuzzy
sets: low (L), medium low (ML), medium (M), medium high (MH), and high (H). In addi-
tion, maximum temperature generated in the drilling operation as an output variable is
divided into 9 fuzzy sets: very-very low (VVL), very-low (VL), low (L), medium-low (ML),



Metals 2021, 11, 277 5 of 18

medium (M), medium-high (MH), high (H), very-high (VH), and very-very high (VVH).
The associated membership function with the defined fuzzy sets for input and output
variables is presented in Figures 2 and 3, respectively. Similarly, additional information
about the defined fuzzy sets for input and output variables and terminologies used for
them are listed in Table 1.

Figure 2. Input membership functions used in Fuzzy Logic System (FLS): (a) speed, (b) feed rate.

Figure 3. Output membership function used in FLS.

2.1.3. Proposed Rules

For the decision making of the output variable (maximum temperature) with respect
to the various combinations of input variables (speed and feed), a rule-based system was
defined for the developed fuzzy inference system. The details of the rule-based system
used in the developed FIS are listed in Table 2.
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Table 1. Input and output parameters used in fuzzy inference system (FIS).

MF Type

Fuzzy Input Fuzzy Output

Variable
Cutting Speed Feed Rate Maximum Temperature

Parameter Range Parameter Range Variable Parameter Range

Triangular

L [45 45 75] [45 150] [14 14 24] [14 54] VVL [130 130 155] [130 330]
ML [45 75 100] [45 150] [14 24 34] [14 54] VL [130 155 180] [130 330]
M [75 100 125] [45 150] [24 34 44] [14 54] L [155 180 205] [130 330]

MH [100 125 150] [45 150] [34 44 54] [14 54] ML [180 205 230] [130 330]
H [125 150 150] [45 150] [44 54 54] [14 54] M [205 230 255] [130 330]

MH [230 255 280] [130 330]
H [255 280 305] [130 330]

VH [280 305 330] [130 330]
VVH [305 330 330] [130 330]

Table 2. The fuzzy rules developed for the current FIS.

Rules Input Output Rules Input Output

Speed Feed Rate Maximum Temperature Speed Feed Rate Maximum Temperature

R1 L L VVL R2 L M VL
R3 L MH ML R4 L H M
R5 L ML VL R6 ML L VL
R7 ML ML L R8 ML M ML
R9 ML MH M R10 ML H MH
R11 M L ML R12 M ML ML
R13 M M M R14 M MH MH
R15 M H VH R16 MH L M
R17 MH ML M R18 MH M MH
R19 MH MH H R20 MH H VVH
R21 H ML MH R22 H M VH
R23 H MH VH R24 H H VVH
R25 H L M

2.2. Experimental Material and Procedure

The developed model is validated through experimentation conducted on the se-
lected drilling input parameters; cutting speeds (45, 80, 145 rpm) and feed rates (14, 35,
50 mm/min) were selected from the range of input variables used in FIS algorithm. The cut-
ting input parameters were decided based on the recommendations stipulated in American
Society for Metals handbook for machining [41].

The AISI 1018 mild steel blocks were used in this study. The AISI 1018 block is cut
into blocks of required dimensions using a power hack saw followed by a filing operation
to remove burrs and uneven surface. Parameters of workpiece for drilling are descripted in
Table 3. The elemental composition of AISI 1018 steel provided by the supplier is listed in
Table 4. A titanium nitride (TiN) coated high speed steel drill bit with 4–6% cobalt is mostly
used in drilling medium carbon steel because of its excellent performance and is used in
the current study [28]. Titanium nitride (TiN) coated high speed steel drill bit with 4–6%
cobalt and 30◦ helix angles is used to experimentally validate the FIS simulated results.
The same drill bit having 10 mm diameter is dry-drilled in mild steel blocks. The material
and geometric specifications of the drill bit are shown in Table 5.
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Table 3. Elemental composition of AISI 1018 steel in weight %.

Elements Weight %

Fe Bal

C 0.22

Mn 0.5–0.6

Si 0.21

Cr 0.162

P 0.001–0.003

Table 4. AISI 1018 workpiece parameters.

Workpiece Parameters Description

Material AISI 1018 mild steel

Geometric shape Rectangular cube

Dimensions 60 mm × 60 mm × 25 mm

Thickness 10 mm

Hardness 72 HRB

Table 5. Drill bit material and geometric descriptions.

Drill Bit Parameters Description

Manufacturer Norseman Drill and Tool (USA)

Type 260AN

Material High speed steel with 4–6% cobalt

Coating Titanium Nitride (TiN)

Helix angle 30◦

Point angle 118◦

Diameter 10 mm

Using a conventional milling machine (Model: Victoria-Elliott U2, London, UK),
three holes of 10 mm depth were drilled for each combination set of drilling conditions
to statistically validate the concluded results. The selected drilling parameters used in
the experimentation are presented in Table 6, which are the same as those used in fuzzy
logic modeling.

Table 6. Cutting parameters of drilling.

Level 1 2 3

Cutting Speed (rpm) 45 80 145

Feed rate (mm/min) 14 35 50

Drilling Depth (mm) 10

The AISI 1018 steel blocks shown in Figure 4 are dry-drilled and maximum and
changing temperature profiles under varying conditions were recorded using an infrared
pyrometer sensor (Model: OS-180-USB-LSTL, OMEGA, London, UK). The experimental
setup is depicted in Figure 5.
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Figure 4. Sample of AISI 1018 steel blocks.

Figure 5. Experimental setup for temperature measurements.

For infrared pyrometer, surface emissivity of AISI 1018 mild steel block with relatively
rough surface is found experimentally at different temperatures. Prior to noting live
temperatures during drilling, the sensor was calibrated for emissivity value. A series of
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experiments were conducted to find the emissivity value for the AISI 1018 material because
it varies with temperature. It is cross checked and verified with thermocouple reading
at various temperature. The emissivity value as the function of temperature is shown in
Figure 6 and then average value is taken, i.e., E = 0.23. The pyrometer is calibrated and
set with average E-value. The same method for calculating emissivity value for pyrometer
calibration is followed by Riaz et al. [42,43]. A magnetic stand is used to mount and
clamp the pyrometer and set it at the recommended distance from the target surface to be
drilled. The sensor is mounted in such a way that it can easily move up and down with the
worktable of the milling machine. Laser beam of the pyrometer is precisely targeted on
the tool–job interface to note instant temperature values after each second. Temperature
values were recorded in built-in software, i.e., ‘Omega soft’ interfaced through a USB port
with a CPU unit. The values were then plotted in Microsoft Excel.

Figure 6. Emissivity as function of temperature for AISI 1018 steel.

Additionally, the chips were collected to study the chips morphology, type, and size
for each combination of drilling conditions shown in Table 7. Furthermore, burr formation
is also discussed for each case and concluded accordingly.

Table 7. Drilling parameters and results of maximum temperature rise during dry-drilling for each set of cutting conditions.

S #
Cutting
Speed
(rpm)

Feed Rate
(mm/min) Specimen

No. of
Holes

Drilled

Drilling
Depth
(mm)

Hole Di-
ameter
(mm)

Maximum Temperature (◦C)
Average (◦C)Drill

Hole 1
Drill

Hole 2
Drill

Hole 3

1 45

14

2 3 10 10 136 137 141 138

2 80 2 3 10 10 173 181 179 178

3 145 2 3 10 10 242 237 245 241

4 45

35

2 3 10 10 172 165 159 165

5 80 2 3 10 10 204 212 215 210

6 145 2 3 10 10 272 285 280 279

7 45

50

2 3 10 10 199 191 196 196

8 80 2 3 10 10 261 269 255 262

9 145 2 3 10 10 312 311 307 310

3. Results and Discussion
3.1. Simulations Results of Fuzzy Inference System (FIS)

The commercially available fuzzy Logic Tool Box MATLAB® (R2014b) was used to
simulate the developed model for temperature prediction in drilling of AISI 1018 steel.
The developed algorithm has the capability to predict maximum temperature generated
in drilling of the selected material at various speed–feed combinations within the defined
range of input variables.
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In Figure 7, FIS results are simulated combinedly to predict maximum process in-
duced temperatures at varying cutting speed for corresponding feed rate. It is depicted
that maximum temperature increases with increasing corresponding feed rate. Similarly,
the simulated FIS results for the corresponding cutting speed at varying feed rate are
shown in Figure 8, which reflect the same increasing trend in process induced temperature
with increase in cutting speed.

Figure 7. Simulation results for maximum temperature with changing cutting speeds at the defined
feed rates (14, 35, 50 mm/min) in drilling of AISI 1018 steel.

Figure 8. Simulation results for maximum temperature with changing feed rates at the defined
cutting speeds (45, 80, 145 rpm) in drilling of AISI 1018 steel.

3.2. Maximum Temperature and Temperature Varying Trend

Table 7 depicts maximum elevated temperature against each set of drilling parameters.
Each drilling condition is tested thrice and then the average value is shown in the same
table. The succeeding graphs in Figure 9 show temperature changing trend at the tool–job
contact zone for all nine sets of drilling experiments. Drilling temperature was monitored
using infra-radiation pyrometer. It is found that temperature increases with increase in
cutting speed and feed rate.
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Figure 9. Temperature changing profiles during drilling for each set of cutting conditions (a–i).
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Drilling-induced temperature at the tool–job contact zone consistently increases from
20–25% when cutting speed increases from 45–80 rpm and then from 80–145 rpm for any of
the defined values of feed rate. It is concluded that percent rise in maximum temperature
corresponding with cutting speed increases constantly with increase in cutting speed.

Likewise, temperature rise is 15–17% when feed rate increases from 14–34 mm/min
and then from 34–50 mm/min. It can be seen that rise in maximum temperature is
comparatively less with increase in feed rate as compared to cutting speed.

It is noteworthy that rise in maximum temperature is evidenced with changing drilling
speed and feed rate. If we compare percent rise in temperature w.r.t. drilling speed and
feed rate, it is concluded that percent rise in temperature increases almost with constant rate
with increasing tool speed and feed rate. Comparative rise in temperature with increasing
drilling speed is more than feed rate.

3.3. Burrs’ Analysis

The burr formation during hole drilling is visually observed. In wet drilling, the roll
back during burr formation is absent, while in dry drilling, formation of roll back burr is
an indication of temperature rise in the drilling zone [44]. As in drilling, no more cutting
action exists in the final stages of through-hole drilling, so the remaining materials to
be removed form roll back burrs rather than chips at the perimeter of the drilled hole.
Due to burr formation at the hole periphery, heat dissipation limits due to low thermal
conductivity of materials and rise in localized temperature in drilling zone increases.

Due to limited thermal conductivity, the material expands and results in roll back
burr at the outer periphery. Size of roll back burr at the hole perimeter is dependent on
the cutting condition and majorly on temperature rise. As it is observed from the noted
temperature graphs, both drilling speed and feed rate contribute to heat generation at the
cutting zone; therefore, at low feed and drilling speed, the burrs with roll back formation
is less while it is significant at higher cutting speed and feed rates as shown in Figure 10.
Instead of roll back, if we focus on height and thickness of burrs attached with hole
periphery, they increase with increase in feed rate while cutting speed has no significant
effect on burrs height and thickness. Burr removal requires an additional manufacturing
operation for deburring which adds to product cost.

3.4. Chips’ Formation and Analysis

Chip morphology is studied for the drilled chips at variable cutting speeds and feed
rates. Chip morphology has meaningful importance in drilling and other turning processes.
In this study, chips’ morphology is noticed during drilling at varying time and cutting
conditions. It is noticed that chips morphology and size remain unchanged with changing
drilling depth but significant variation in size and morphology is noticed with varying
drilling conditions. Figure 11 shows chip morphology found after drilling the sample at the
defined cutting speeds and feed rates. Generally, long continuous chips are not desirable
because of its disposal problem and manual removal of chips as it tangles around the drill
body. In addition, continuous chips also cause clogging to chips flow. It is found that chips
breaks when frictional torque between chips and hole wall exceeds the breaking torque of
chip [45].

It is observed that when cutting speed increases, the size and continuity in the contin-
uous spiral-shaped chips increases. The size approximately increases from 50–60 mm to
180–200 mm when cutting speed increases from 45–145 rpm. When the feed rate increases,
the size as well the continuity in the chips decreases. The size decreases continuously
from 50–60 mm to 10–15 mm as the feed rate increases from 14 to 50 mm/min. Further,
chips’ thickness reduces with increase in cutting speed but increases with feed rate. It is
noticed that dry drilling leads to twisted chips because of low drill depth and no breaking
action is exerted. In addition, it is noteworthy that surface finish comparatively degrades
with increase in feed rate while it enhances with increasing drill bit cutting speeds.
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Figure 10. Burrs formation at varying cutting speeds and feed rates.

It is noticeable that segmental continuity in helical chip morphology is more at low
feed rate as compared to higher feed rate. With increase in drill bit speed, the continuity in
spiral chip ribbons increases unlike feed rates as depicted in Figure 11. It is also observed
that chip radius increases with increase in feed rate and results in damaging of machined
surface and causes burr formation while radius decreases with cutting speed along with
improved hole surface.

3.5. Comparison of Fuzzy Results with Experimental Values

Experimental tests are essential at the defined fuzzy inputs for the results validation
and verification obtained from FIS. Simulated results for maximum temperature using FIS
are experimentally tested for its validation. Fuzzy results depict a strong trend resemblance
with experimental values in which temperature increases with increase in cutting speed
and feed rate. The average experimental values and fuzzy result is compared as shown
in Figure 12 and depicts a small difference among all the noted values. Table 8 shows
that experimental and simulated values are consistent and percent error is less than 6%.



Metals 2021, 11, 277 14 of 18

The results further depict the accuracy of developed FIS for the prediction of maximum
temperature during drilling process. A fairly acceptable bond and trend consistency is
noticed between predicted and experimental values. This led us to the important conclusion
that fuzzy based modeling and simulation is effective and feasible approach to simulate
process induced maximum temperature in the drilling process.

Figure 11. Chips morphology at varying cutting speeds and feed rates.

Figure 12. Comparison of fuzzy and experimental results.
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Table 8. Experimental and fuzzy results with percentage error for maximum drilling induced temperature at the tool–material contact zone.

S # Cutting
Speed (rpm)

Feed Rate
(mm/min)

Drilling
Depth (mm)

Hole Diameter
(mm)

Maximum Temperature (◦C) Experimental Average Value of
Maximum Temperature (◦C)

Fuzzy Results % Error
Drill Hole 1 Drill Hole 2 Drill Hole 3

1 45

14

10 10 136 137 141 138 137.6 0.217

2 80 10 10 173 181 179 178 168 5.547

3 145 10 10 242 237 245 241 248 −2.933

4 45

35

10 10 172 165 159 165 163 1.232

5 80 10 10 204 212 215 210 215 −2.348

6 145 10 10 272 285 280 279 291 −4.400

7 45

50

10 10 199 191 196 196 205 −4.841

8 80 10 10 261 269 255 262 258 1.426

9 145 10 10 312 311 307 310 302 2.496
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4. Conclusions

The following are the important conclusion of the study:

1. A model is developed based on Mamdani fuzzy inference system for the prediction of
maximum temperature during drilling at varying cutting speeds and feed rates. Out-
put temperature values of FIS are compared with experimental tests which revealed a
good result match with an error less than 6%. It is noticed that fuzzy-based model-
ing and simulation are effective and feasible to simulate process induced maximum
temperature in the drilling process.

2. The simulated and experimental results reflect that temperature increases with in-
crease in spindle speed and feed rate.

3. Drilling-induced temperature at the tool–job contact zone consistently increases from
20–25% when cutting speed increases from 45–80 rpm and then from 80–145 rpm for
any of the defined values of feed rate. It is concluded that percent rise in maximum
temperature corresponding with cutting speed increases constantly with increase in
cutting speed.

4. Likewise, temperature rise is 15–17%, in particular, when feed rate increases from
14–34 mm/min and then from 34–50 mm/min. it can be seen that rise in maxi-
mum temperature is comparatively less with increase in feed rate as compared to
cutting speed.

5. Size of roll back burrs at the hole perimeter is dependent on the cutting condition
and majorly on temperature rise. At low feed and cutting speed, the burrs with roll
back formation is less while it is significant at higher drilling speeds and feed rates.
Instead of roll back, if we focus on height and thickness of burrs attached with hole
periphery, it increases with increase in feed rate while cutting speed has no significant
effect on burr height and thickness.

6. It is observed that when cutting speed increases, the size and continuity in the
continuous spiral-shaped chips increases. The size approximately increases from
50–60 mm to 180–200 mm when cutting speed increases from 45–145 rpm. When the
feed rate increases, the size as well as the continuity in the chips decrease. The size
decreases continuously from 50–60 mm to 10–15 mm as the feed rate increases from
14 to 50 mm/min. Further, chip thickness reduces with increase in cutting speed but
increases with feed rate.

7. Segmental continuity in helical chip morphology is more at low feed rate as compared
to higher feed rate. With increase in drilling speed, the continuity in spiral chip
ribbons increases unlike feed rates.

8. Chip radius increases with increase in feed rate and results in damaging of machined
surface and causes burr formation while radius decreases with cutting speed along
with improved hole surface.
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